The gram-positive, nonmotile, catalase positive, non-sporeforming, facultative anaerobic bacteria of the genus Propionibacterium were first isolated from Swiss (Emmenthaler) cheese. Orla-Jensen (9) studied the formation of "eyes" in Swiss cheese. Later extensive studies, especially in relation to cheese manufacture, were carried out by several investigators (5, 12, 13) .
On the basis of morphological, cultural, and biochemical differences, van Niel (Ph.D. thesis, Technische Hoogeschool, Delft, Netherlands, 1928) listed eight main species; eleven species are presently recognized. Their complete characterizations are as described (2) .
These microorganisms play a very important role in several industrial processes. The fermentation of lactic acid to propionic acid and carbon dioxide results in the characteristic sharp flavor and the unique "eyes" of Swiss cheese; these microbes play an important role in the ripening of Swiss cheese. In addition, since they synthesize relatively large amount of vitamin B,2, they can be utilized for commercial production of this vitamin.
The nutritional requirements of the propionic acid bacteria are complex; they usually grow rather slowly. The nutritional requirements and metabolism of propionic acid bacteria have been extensively studied by several workers and they have been comprehensively reviewed by Hettinga and Reinbold (6) . However, little quantitative information on growth dynamics are available. An attempt is made in this paper to fill this void.
MATERIALS AND METHODS Organism. All experiments were made with Propionibacterium shermanii, kindly given to us by the Department of Food Science and Nutrition, University of Minnesota, St. Paul. It was maintained as stab culture in tryptone-glucose-yeast extract agar.
Medium. The culture medium used for the growth experiments was of the composition shown in Table 1 . It was similar to the microbial vitamin assay medium for Lactobacillus casei reported by Roberts and Snell (11) . The medium was adjusted to pH 6.5 with NaOH and filtered through membrane filters (Millipore Filter Corp., type RA 1.2-um pore size); it was then autoclaved for 30 min. Glucose was separately autoclaved and added aseptically.
Growth conditions. All batch and continuous culture experiments were carried out in 50-ml or 100-ml chemostats similar to the original design of Novick and Szilard (8) . To provide anaerobic condition and mixing, 2% CO2 and 98% N2 gas was sparged into chemostat. Nutrient supply for the continuous culture was regulated by a capillary feed system (10); use was (ii) Chemical analysis. Glucose determination was carried out by the glucostat method (Worthington Biochemicals).
RESULTS
Batch culture. Figure 1 shows a batch growth curve of P. shermanii grown on glucose as the carbon source. The culture had an initial pH of 6.5 and an initial glucose concentration of 0.41 g/liter. Diauxic growth. In general, if two or more substances, each capable of serving as energy source, are present in the medium, growth may occur on the one substrate preferentially metabolized, or growth may occur on both simultaneously. In the case of the former, it was sometimes almost completely used before the utilization of the second substrate was initiated. There may be a temporary growth cessation before growth is resumed on the other substrate. This sequential substrate utilization as shown by a distinct growth phase with temporary growth cessation in the batch curve was referred to as diauxic growth by Monod (7). aBased on the initial pH of 6.5 and the initial substrate concentration of 1.0 g/liter. As shown in Fig. 6 , when P. shermanii grew on a mixture of glucose and lactate as energy sources, diauxic growth could be observed. P. shermanii used lactate completely first and then glucose, but neither temporary growth cessation nor two distinct growth phases could be observed. after depletion of glucose, although utilization of galactose is sequential.
It is of interest to note that the specific growth rate on a mixture of glucose and lactate was the same as that on each substrate. A simple unstructured model for diauxic growth is proposed for growth of P. shermanii. Then, the differential equations for batch growth are:
and dS/dt = -a8i,5BS/(K8 + S) (Km + L) (12) Using the growth parameters listed on Table 3 , the model is numerically integrated. This is shown in solid lines on Fig. 6 . DISCUSSION The growth of P. shermanii in batch and continuous culture can be readily described by the simple Monod model.
It is noteworthy that P. shermanii preferentially metabolizes lactate which is, in general, an end product of fermentation for many bacteria.
In nature, P. shermanii usually coexists with lactic acid bacteria. However, due to their low growth rate, they cannot survive in competition for the common substrate with lactic acid bacteria. This seems to make them prefer lactate to glucose.
It is also interesting that specific growth rates on lactate and glucose are the same. The mechanism of lactic acid fermentation by propionic acid is not clear. Wood et al. (16) proposed that lactic acid is the intermetabolite from pyruvate to propionate. On the other hand, one can postulate that lactate is converted to pyru- Experimentally, it is concluded that P. shermanii preferentially metabolizes lactate to glucose, but the molar yield ratio of glucose to lactate is 8.
